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(A) Header Information 

Principal Investigator: Dr. Ute C. Herzfeld 

Title of Grant: Geostatistical and Neural-Net Seafloor Classification at High Resolution and 

Related Scaling Properties 

Final Report March 21, 1997 

Category of Research: ARSRP Surface (Seafloor) 

ONR N00014-95-1-0447 
Address: Institute of Arctic and Alpine Research, University of Colorado at Boulder, Boulder, CO 80309- 

0450 
e-mail: herzfeld@tryfan.colorado.edu 

Phone: (303) 492-6198 

Fax: (303) 492-6388 

(B) Narrative Documentation 

Long-term Research Objectives: My general long-term research objective is the development and ap- 

plication of adequate high-level mathematical techniques for the analysis of spatial data, in particular for 

remote-sensing data such as acoustic, seismic, bathymetric, and other geophysical data. My interest is in 

interdisciplinary work in mathematics, measuring techniques, acoustics, environmental information, geology 

and geophysics. 

Scientific Objectives and Report Summary: The objective of my research under this grant is the 

development of an intelligent system for the automated classification of the seafloor using acoustic data. 

The work is a contribution to the Acoustical Reverberation Special Research Program (ARSRP). We have 

developed a method for surface classification, incorporating ideas from the theory of geostatistics (in short, 

the method has been called "Geostatistical classification method"). Under this project, we have finalized 

parameter selection and software development for the automated geostatistical seafloor classification method. 

Thereafter, we applied this method in a geomorphologic segmentation of the Western Flank of the Mid- 

Atlantic Ridge at 26°North, the area of geophysical survey under the ARSRP in 1992. High-resolution 

bathymetric data from the 1993 geophysical experiment were also analyzed and compared to the (low- 

resolution) HYDROSWEEP bathymetric data. Surface structures were found to be scale-dependent. 

Background and Relationship to Other Research Projects: The problems investigated in this project 

have arisen in connection with the ARSRP data analysis, but are equally important for the analysis of acous- 

tic and seismic data from deep and shallow ocean environments. Specific questions concern the statistical 

description of deafloor roughness and the relationship between surface (seafloor) parameteres and backscat- 

tering properties on the one side and geologic properties on the other side. The results are a contribution 



to ocean acoustics, geophysical data analysis, quantitative morphology, and geologic segmentation of the 

seafloor. 

Appraoch, Accomplishments, and Results: 

Geostatistical Seafloor Classification 

The objective of automated seafloor classification is to utilize statistical properties in quantitatively char- 

acterizing seafloor properties such as roughness and anisotropy. Such spatial characteristics are used to 

automatically distinguish geological provinces which facilitates a segmentation of the seafloor. 

The geostatistical seafloor classification method has been developed in relationship to the analysis of data 

from the western flank of the Mid-Atlantic Ridge at 26°N. We have analyzed (low-resolution) HYDROS WEEP 

bathymetric data from the 1992 geophysical experiment in which I participated (cf. Herzfeld 1993) and high- 

resolution (5 m) data from the 1993 geophysical experiment collected by K. Stewart with the DSL instrument 

developed at Woods Hole Oceanographic institution (cf. paragraph on "Relationship to other projects"). 

The geostatistical seafloor classification method is based on calculation of directional variograms as spatial 

structure functions. Parameters determined from filtered variogram functions are used to compose feature 

vectors, which have been shown to characterize morphologic prototypes and surface roughness types (Herzfeld 

1993a) and therefore facilitate a classification. The variogram is the lag-dependent spatial structure function 

of geostatistics, the theory of regionalized variables (Journel and Huijbregts 1989). The variograms are 

filtered, parameters extracted, and a feature vector is composed of the parameters (Herzfeld and Higginson 

1996). Discriminants include spacing and strike of abyssal hill terrain, smoothness due to sediment cover, 

and parameters related to complexity and morphological significance of abyssal hills and their slopes (cf. 

Figures 1 and 2). Figure 1 shows the MINDIST parameter which characterizes the typical length of features 

in east-west direction (that is, roughly in the across-strike direction in the survey area on the Western Flank 

of the Mid-Atlantic Ridge). Figure 2 depicts the parameter PI indicative of significance of abyssal hill terrain 

(slope parameter) for the 150km by 100km area shown in Figure 1. More parameters and combinations of 

parameters are described and applied in Herzfeld and Higginson (1996). 

Complications of the automatization concern robustness of parameter estimation, optimal window size, and 

subselection of data. By moving a classification operation through the study area and color-coding property 

classes, seafloor classification maps are obtained. The concepts of characteristic parameters, feature vectors, 

and discrimination criteria are introduced in Herzfeld and Higginson (1996). The updated version of the 

program contains an option for automatic selection of the locally dominant direction in areas with anisotropies 

(typical for the ridge flank). This search succeeds in identifying structures inobvious to the eye. 

Seafloor Segmentation 

The geostatistical classification method has been applied in segmentation of the entire 600 km by 250 km 

area of the 1992 geophysical survey. The segmentation is based on HYDROSWEEP data. It should be 

mentioned that the method is robust enough to evaluate data with relatively high error levels and with gaps 

in the data coverage (both of which occured in the 1992 HYDROSWEEP data). 

Maps of parameters MINDIST, POND, and significance of abyssal hill terrain (slope parameter PI and 

relative-size parameter P2) and of parameter combinations have been produced. The map of parameter 

combination MINDIST and POND is given in Figure 3. The POND parameter shows flat areas, typically 
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sediment ponds (notice it depicts the interior of larger ponds due to the moving window operation). Areas 

without significant features are marked in black (no min-max sequence found). Connected black areas 

trending from lower right to upper left in the map in Figure 3 delineate the location of discontinuities, which 

separate three ridge flank segments of different characteristics. The central segment has with distance from 

the ridge crest (spreading center) gradually increasing sizes of characteristic spacing of abyssal hill terrain, 

this is indicative of relatively undisturbed Atlantic crust. The northern segment appears to be overprinted 

by a process other than seafloor spreading, which is obvious from the less parallel and less connected smalles 

color patches. A third segment can be distinguished in the lower left corner of the map. Some of this 

interpretation is inferred from maps of other parameters and multidirectional analysis maps not shown in 

this brief report. The results will appear in Herzfeld (1997). 

Results of our work have been presented at the 1994 AGU Fall meeting, at the 1995 meeting of the Interna- 

tional Union for Geodesy and Geophysics in Boulder, and at the 1996 meeting of the European Geophysical 

Society (cf. Abstracts). 

Scale-dependent Properties ("Fractal analysis") 

Theoretical work on fractals and scaling properties and analysis of seafloor profiles from various parts of 

the seafloor indicated that the ocean floor does not follow a self-similar or self-affine model (Herzfeld 1993b, 

Herzfeld et al. 1993a, Herzfeld et al. 1995). Analysis of DSL120 high-resolution data with the classification 

method revealed once more that the characteristics of the seafloor at 5 m resolution are different from those 

at about 125 to 200 m resolution. If the seafloor were self-similar, maps of parameter P2 would simply show 

the same pattern and colors at both resolutions, which is not the case. Rather than just show that features 

are different, the classification maps yield information on the scale-dependent morphologic characteristics. 

Relationship to Other Projects: 

The project is part of the ARSRP data analysis. Data have been collected during the cruises EW9208 in 1992 

(Chief Scientists B. Tucholke and M. Kleinrock) and during the geophysical cruise in 1993 (Chief Scientists 

K. Stewart and B. Tucholke). I participated in the 1992 cruise with the Maurice Ewing. Development of 

our geostatistical classification system benefited from the development of graphics programs by M. Marra 

and K. Stewart (WHOI). Ken Stewart's group has been working on classification, but on a different scale 

and using a different approach. We have given a few joint presentations at ARSRP meetings and at the 

IUGG meeting (cf. Abstract). Results of the geostatistical surface classification can be made available to 

the research community for testing of acoustic models and to aid in geologic investigations. 



References: 

Davis, J.C. and U.C. Herzfeld (eds.), Computers in geology: 25 years of progress, Internat. Assoc. Math. 

Geol. Studies in Mathematical Geology, no. 5, Oxford University Press, New York (1993), 298 pp. 

Herzfeld, U.C, 1993a, A method for seafloor classification using directional variograms, demonstrated for 

data from the western flank of the Mid-Atlantic Ridge, Math. Geology, vol. 25, no. 7, p. 901-924. 

Herzfeld, U.C., 1993b, Fractals in geosciences - challenges and concerns, in: Davis, J.C. and U.C. Herzfeld 

(eds.), Computers in geology: 25 years of progress, Internat. Assoc. Math. Geol. Studies in Mathematical 

Geology, no. 5, Oxford University Press, New York, 217-230. 

Herzfeld, U.C, 1993c, Application of geostatistical classification, Autumn ARSRP Research Symposium, 1-3 

December 1993, La Jolla, CA, Report. 

Herzfeld, U.C, 1997, Geological and morphological provinces of the western Mid-Atlantic Ridge flank at 

26°North, derived by automated geostatistical seafloor classification (in prep.). 

Herzfeld, U.C, and CA. Higginson, 1996, Automated geostatistical seafloor classification - principles, pa- 

rameters, feature vectors, and discrimination criteria, Computers & Geosciences, vol. 22, no. 1, p. 35-52. 

Herzfeld, U.C, I.I. Kim, J.A. Orcutt, and CG. Fox, 1993a, Fractal geometry and seafloor topography: 

Theoretical concepts versus data analysis for the Juan de Fuca Ridge and the East Pacific Rise, Annales 

Geophysicae, vol. 11, no. 6, p. 532-541. 

Herzfeld, U.C, M. Marra, and W.K. Stewart, 1993b, A variogram method for seafloor classification, Spring 

ARSRP Research Symposium, La Jolla, CA, Report. 

Herzfeld, U.C, I.I. Kim, and J.A. Orcutt, 1995, Is the ocean floor a fractal?, Math. Geology, vol. 27, no. 3, 

p. 421-462. 

Journel, A.G., and C. Huijbregts, 1989, Mining geostatistics: London, Academic Press, 600 pp. 

Tucholke, B.E., and J. Lin, 1994, A geological model for the structure of ridge segments in slow-spreading 

ocean crust, J. Geophys. Res., vol. 99, no. B6, p. 11937-11958. 



Publications under this project 

Reviewed Publications 

(1) HERZFELD, U.C., I.I. KIM, and J.A. ORCUTT, Is the ocean floor a fractal? Math. Geol., vol. 27, no. 3 

(1995), p. 421-462 

(2) HERZFELD, U.C. and CA. HIGGINSON, Automated geostatistical seafloor classification — principles, 

parameters, feature vectors, and discrimination criteria, Computers k Geosciences vol. 22, no. 1 (1996), 

p. 35-52 

(3) HERZFELD, U.C., Geological and morphological provinces of the western Mid-Atlantic Ridge flank at 

26°North, derived by automated geostatistical seafloor classification, J. Geodynamics (in preparation) 

Abstracts 

(1) HERZFELD, U.C., Automated classification of geologic and geomorphologic provinces of the Western Flank 

of the Mid Atlantic Ridge, Eos Trans. Amer. Geophys. Union, vol. 75, no. 44 suppl. (1994), p. 579 (Amer. 

Geophys. Union 1994 Fall Meeting, San Francisco, California, USA, Dec. 1994) 

(2) HERZFELD, U.C, C.A. HIGGINSON, K. STEWART and M. MARRA, Segmentation of the Mid-Atlantic 

Ridge flank at 26°N, derived by automated geostatistical seafloor classification, XXI General Assembly Int. 

Union Geodesy Geophys., Boulder, Colorado, 2-14 July 1995, Abstracts, Week A, p. A6 

(3) HERZFELD, U.C, Geostatistical methods for interpolation and classification of remote-sensing data, Tagung 

"Mathematische Methoden in der Geodäsie", Mathematisches Forschungsinstitut Oberwolfach, 1-7 October 

1995, Germany 

(4) Segmentation of the western flank of the Mid-Atlantic Ridge at 26°N, an application of automated geosta- 

tistical seafloor classification, Annales Geophysicae, vol. 14, suppl. 1, part 1 (1996), p. C196 (21st General 

Assembly European, Geophys. Soc, 6-10 May 1996, Den Haag, The Netherlands) 



Statistical Information: 

Publication list: enclosed 

Graduate Students: C. A. Higginson 

Service on Committees: 

Associate Editor: Computers & Geosciences, International Association for Mathematical Geology (since 

1995, Assistant Editor 1987-1994) 

Assistant Editor: Journal of Geodynamics, European Geophysical Society (since 1994) 

Assistant Editor: Mathematical Geology, International Association for Mathematical Geology (since 1994) 

Report sent cc: J.A. Orcutt, C.A. Higginson, K. Stewart, M. Marra, J. Syvitsky 



Ute Christina Herzfeld 

RESUME 

Born: November 24, 1960, Lieser, Kreis Bernkastei-Wittlich, Germany 

Education 

1978-1983      Scholarship, German National Scholarship Foundation, Bonn, Germany 

1980-1981      Scholarship for Studies Abroad, German National Scholarship Foundation, Bonn, at the 
University of Warwick, Coventry, Great Britain 

Dec. 1983      State Examination (Master's Degree), Mathematics, Evangelical Theology, Johannes 
Gutenberg-Universität Mainz, Germany (summa cum laude) 

1982-1986      Study of geology, oceanography, geophysics, physical geography, glaciology 

1984-1986      Doctoral Fellowship, German National Scholarship Foundation, Bonn 

June 1986      Doctoral Degree (Dr. rer. nat.), Mathematics secondary subjects applied mathematics 
and geosciences, Johannes Gutenberg-Universität Mainz 

1986      Diploma of Postgraduate Studies, Mathematical Geology, Free University of Berlin, Ger- 
many 

Positions and Awards 

1980-1986     Teaching Assistant in mathematics, Universities of Mainz and Warwick, Coventry, Great 
Britain 

Oct.-Nov.1984     Assistant Research Scientist during Expedition ANTARKTIS HI/1, RV POLARSTERN, 
Alfred Wegener Insitute for Polar and Marine Research, Bremerhaven, Germany 

1986-1987      Research Geomathematician, Department of Geology, Bayerische Julius-Maximilians- 
Universität, Würzburg 

July-Aug.1987     Visiting  Research  Scientist,   Centre  de  Geostatistique,   Ecole   des   Mines   de  Paris, 
Fontainebleau, France 

1987-1988      Postdoctoral Research Fellow (DFG) and Lecturer, Mathematical Geology, Free Univer- 
sity of Berlin, Germany 

Dec.1987-Apr.1988      Research Scientist, Alfred Wegener Institute for Polar and Marine Research, Bremer- 
haven, Expedition ANTARKTIS VI/3 

Oct.1988-Sept.1992      Feodor Lynen Research Fellow, Alexander von Humboldt Foundation, Bonn, Germany, 
at Scripps Institution of Oceanography, University of California at San Diego, UbA 

Jun.1991-Nov.1993      Assistant   Research  Geomathematician  (Project  Scientist)   at  Scripps   Institution  of 
Oceanography, University of California San Diego 

1992      President's Prize of the International Association for Mathematical Geology 

Aug.l993-pesent      Research Associate, Institute of Arctic and Alpine Research, University of Colorado, 
Boulder 



Ute Christina Herzfeld 19 March 1997 

PUBLICATION LIST 

Reviewed Publications 

(1) On generalized covering subgroups and a characterization of "pronormal", Arch. Math., vol. 41, no. 5 (1983), 

p. 404-409 

(2) Frattiniklassen und maximale Teilklassen, insbesondere zu Formationen endlicher Gruppen, Dissertation 
Fachbereich Mathematik, Johannes Gutenberg-Universität Mainz, West Germany, D 77, (1986), 134 p. 

(3) Frattiniclasses and maximal subclasses, in particular of saturated formations of finite groups, J. Algebra, 
vol. 117, no. 1 (1988), p. 9-10 

(4) Frattiniclasses of formations of finite groups, Boll. Unione Mat. ItaL, vol. 7, no. 2-B (1988), p. 601-611 

(5) HERZFELD, U.C. and M. SONDERGARD, MAPCOMP - A FORTRAN 77-program for weighted thematic 
map comparison, Computers & Geosciences, vol. 14, no. 5 (1988), p. 699-713 

(6) HERZFELD, U.C. and P. HOLMLUND, Geostatistical analyses of radio-echo data from Scharffenbergbot- 
nen, Dronning Maud Land, East Antarctica, Z. Gletscherkunde GlazialgeoL, vol. 24, no. 2 (1988), p. 95-110 

(7) A note on programs performing kriging with nonnegative weights, Math. Geol., vol. 21, no. 3 (1989), p. 391- 
393 

(8) Geostatistical methods for evaluation of SEABEAM bathymetric surveys: Case studies of Wegener Canyon, 
Antarctica, Marine Geol., vol. 88 (1989), p. 83-95 

(9) Variography of submarine morphology: Problems of deregularization, and cartographical implications, Math. 
Geol., vol. 21, no. 7 (1989), p. 693-713 

(10) Geostatistical software for evaluation of line survey data, applied to radio-echo soundings in glaciology, in: 
Hanley, J.T. and D.F. Merriam (eds.), Microcomputer applications in geology II, Computers & Geology, 
vol. 6, Pergamon Press, New York (1990), p. 119-136 

(11) HERZFELD, U.C. and P. HOLMLUND, Geostatistics in glaciology: Implications of a study of ScharfFen- 
bergbotnen, Dronning Maud Land, East Antarctica, Annals Glaciol., vol. 14 (1990), p. 107-110 

(12) Cova functions for unevenly and noncorrespondingly spaced processes, Computers & Geosciences, vol. 16, 

no. 5 (1990), p. 733-749 

(13) HERZFELD, U.C. and D.F. MERRIAM, A map comparison technique utilizing weighted input parameters, 
in: Gaal, G. and D.F. Merriam (eds.), Computer applications in resource estimation and assessment for 
metals and petroleum, Computers & Geology, vol. 7, Pergamon Press, Oxford (1990), p. 43-52 

(14) Method of interval kriging, Sciences de la Terre, Ser. Inf., no. 29 (1991), p. 17-33 

(15) Geostatistics in Bathymetry, Sciences de la Terre, Ser. Inf., no. 29 (1991), p. 35-46 

(16) HAMANN, I.M. and U.C. HERZFELD, On the effects of pre-analysis standardization, J. Geology, vol. 99, 

no. 4 (1991), p. 621-631 

(17) Quantitative spatial models of Atlantic primary productivity: An application of geomathematics, J. Geophys. 
Res., Oceans, vol. 97, no. Cl (1992), p.   717-732 

(18) Das Schwerefeld im Bereich des Explora Escarpments (Weddellmeer, Antarktis) - ein Vergleich zwischen 
SchifFsmessungen und Satellitendaten (GEOSAT), Zeitschrift f. Vermessungswesen, vol. 117, no. 8/9 (1992), 

p. 532-542 



Ute Christina Herzfeld Publication List 19 March 1997 

(19) Least squares collocation, geophysical inverse theory, and geostatistics: A bird's eye view, Geophys. J. 
Internat., vol. Ill, no. 2 (1992), p. 237-249 

(20) MERRIAM, D.F., B.A. FUHR, and U.C. HERZFELD, An integrated approach to basin analysis and mineral 
exploration,in: Harff, J. and D.F. Merriam (eds.), Computerized basin analysis for the prognosis of energy 
and mineral resources, Computers & Geology, vol. 8, Pergamon Press, Oxford (1993), p. 197-214 

(21) ERIKSSON, M.G., H. BJÖRNSSON, U.C. HERZFELD, and P. HOLMLUND, The bottom topography 
of Storglaciären, Stockholms Universitet Naturgeografiska Institutionen, Forskningsrapport 95, ISSN 0346- 

7406, STOU-NG 95, Stockholm (1993), 48 p. 

(22) HERZFELD, U.C, I.I. KIM, J.A. ORCUTT, and CG. FOX, Fractal geometry and seafloor topography: 
Theoretical concepts versus data analysis for the Juan de Fuca Ridge and the East Pacific Rise, Annales 
Geophysicae, vol. 11, no. 6 (1993), p. 532-541 

(23) DAVIS, J.C. and U.C. HERZFELD (eds.), Computers in geology: 25 years of progress, Internat. Assoc. 
Math. Geol. Studies in Mathematical Geology, no. 5, Oxford University Press, New York (1993), 298 p. 

(24) Fractals in geosciences - challenges and concerns, in: Davis, J.C. and U.C. Herzfeld (eds.), Computers in 
geology: 25 years of progress, Internat. Assoc. Math. Geol. Studies in Mathematical Geology, no. 5, Oxford 
University Press, New York (1993), p. 217-230 

(25) HERZFELD, U.C, CS. LINGLE, and L. LEE, Gecstatistical evaluation of satellite radar altimetry for high 
resolution mapping of Antarctic ice streams, Annals Glaciol., vol. 17 (1993), p. 77-85 

(26) A method for seafloor classification using directional variograms, demonstrated for data from the western 
flank of the Mid-Atlantic ridge, Math. Geol., vol. 25, no. 7 (1993), p. 901-924 

(27) HERZFELD, U.C, M.G. ERIKSSON, and P. HOLMLUND, On the influence of kriging parameters on 
the cartographic output - a study in mapping subglacial topography, Math. Geol., vol. 25, no. 7 (1993), 

p. 881-900 

(28) MERRIAM, D.F., U.C HERZFELD, and A. FÖRSTER, Integration of geophysical data for basin analysis, 
Proc. Third Internat. Congress, Brasilian Geophys. Soc, Rio de Janeiro, 7-11 Nov. 1993, (1993), vol. 2, 
p. 1025-1030. 

(29) HERZFELD, U.C. and A.L. BRODSCHOLL, On the geologic structure of the Explora Escarpment (Weddell 
Sea, Antarctica) revealed by satellite and shipboard data evaluation, Marine Geophys. Res., vol. 16 (1994), 

p. 325-345 

(30) CERVENKA, P., U.C. HERZFELD, and C. DE MOUSTIER, Accuracy of the spatial representation of the 
seafloor with bathymetric sidescan sonars, Marine Geophys. Res., vol. 16 (1994), p. 407-425 

(31) HERZFELD, U.C, CS. LINGLE, and L. LEE, Recent advance of the grounding line of Lambert Glacier, 
Antarctica, deduced from satellite radar altimetry, Annals Glaciol., vol. 20 (1994), p. 43-47 

(32) HERZFELD, U.C, I.I. KIM, and J.A. ORCUTT, Is the ocean floor a fractal? Math. Geol., vol. 27, no. 3 

(1995), p. 421-462 

(33) HERZFELD, U.C. and D.F. MERRIAM, Optimization techniques for integrating spatial data, Math. Geol., 

vol. 27, no. 5 (1995), p. 559-588 

(34) HERZFELD, U.C. and CA. HIGGINSON, Automated geostatistical seafloor classification — principles, 
parameters, feature vectors, and discrimination criteria, Computers & Geosciences vol. 22, no. 1 (1996), 

p. 35-52 

(35) HERZFELD, U.C. (guest editor), Inverse Theory in the Earth Sciences, Special Issue, Math. Geol., vol. 28, 

no. 2 (1996), p. 133-251 

(36) Inverse theory in the Earth Science - an introductory overview with emphasis on Gandin's method of optimum 
interpolation, Math. Geol., vol. 28, no. 2 (1996), p. 137-160 



Ute Christina Herzfeld Publication List 19 March 1997 

(37) HERZFELD, U.C., B. RAUSCH, M. STAUBER, and A. THOMAS, Analysis of subscale ice-surface rough- 
ness from ultrasound measurements and its relevance for monitoring environmental changes from satellites, 
Trierer Geograph. Studien, 16 (1997, in press) 

(38) HERZFELD, U.C., C.S. LINGLE, C. FREEMAN, CA. HIGGINSON, M.R LAMBERT, L. LEE, and 
V. VORONINA, Monitoring changes of ice streams using time series of satellite-altimetry-based digital 
terrain models, Math. Geol., vol. 29, no. 7 (1997, in press ) 

(39) MERRIAM, D.F., U.C. HERZFELD, and B.A. FUHR, An integrated approach to petroleum exploration on 
the Pratt anticline, Pratt County, Kansas, Amer. Assoc. Petrol. Geol. Bull, (submitted) 

(40) HERZFELD, U.C. and H. MAYER, Surge of Bering Glacier and Bagley Ice Field, Alaska - an update of 
August 1995 and interpretation of brittle deformation patterns, J. Glaciol. (in press) 

(41) HERZFELD, U.C. and M.S. MATASSA, TRANSVIEW: A program for matching Universal Transverse 
Mercator (UTM) and geographic coordinates, Computers k Geosciences (submitted) 

(42) HERZFELD, U.C. and M.S. MATASSA, An atlas of Antarctica north of 72.1 °S from GEOSAT radar 
altimeter data, Int. J. Remote Sensing (in press) 

(43) Geostatistical interpolation and classification of remote-sensing data from ice surfaces, Int. J. Remote Sensing 
(submitted) 


